T he glomerular capillary wall (GCW) has been considered to have size-and charge-selective sieving functions for plasma proteins (1-3). There have been many approaches suggested to analyze the charge selective property of the GCW in relation to the proteinuria mechanism in various glomerular diseases in humans and animal models (4, 5) . Representative research in the 1970s included differential clearance studies using charged and neutral dextran polymer (6, 7) . However, the addition of sulfate moieties to the neutral dextran polymer resulted in the flexible dextran polymer being converted to a relatively more rigid dextran sulfate (DS) molecule (1, 8) . In addition, DS tends to bind to plasma proteins (5) , meaning the calculated differential clearances of such molecules are influenced by the tertiary structure, protein binding and other factors as well as anionic charge, which resulted in the sieving coefficient being underestimated. Another trend analyzing the GCW charge selective property was the use of differential serum protein clearance with different charges (9, 10) . However, there is a reabsorption problem associated with filtered proteins in renal proximal tubules that may influence their differential clearance ratio (11, 12) . Moreover, the ionic strength of serum electrolytes should be taken into account (13, 14) , especially considering the recent proposal that the glomerular basement membrane (GBM) is a type of ion exchange gel fiber (15, 16) . It is likely that the plasma ionic strength, such as that of sodium at 0.14 mol, may influence the electrical charge of most proteins to some degree, as is seen in ion exchange chromatography (15, 16) . Therefore, these differential clearance studies, using proteins with minor differences in isoelectric points (pI), may not reflect the charge selective properties of the GCW.
Recent findings of the GCW molecular architecture and function revealed that GCW consists of three layers: the fenestrated endothelium with polyanionic charge, GBM, and the slit diaphragm of the interdigitating podocyte foot processes. These barriers are assumed to play different roles for protein-sieving properties, although mutual interaction between the functions of each layer is likely (3, 17) , making it difficult to distinguish each role clearly. Moreover, an antithesis for the existence of the charge selective barrier in GCW has recently been proposed (11, 18, 19) . With this in mind, the above settings mean the charge-selective protein-sieving function of GBM, previously long estimated, must be reconsidered.
Previously, we showed the presence of a preferential protein reabsorption mechanism with cationic charge in renal proximal tubules by analyzing the charge diversity of the serum and urinary IgG molecule (20) . In this study, we noted that IgA and IgG have similar molecular sizes and distinct molecular pI. IgA molecules have a Stokes-Einstein radius of 61 Å and pI of 3.5-5.5, while IgG molecules have a StokesEinstein radius of 49 -60 Å and pI of 4.5-9. In addition, x-ray analysis showed similarities in the tertiary structures between IgG and IgA (21), hence both were regarded as appropriate molecules for use in analyzing the GCW charge selective function by differential clearance. We defined IgA/IgG clearance in terms of a CSI for at least the size of these molecules. If the CSI is low, the charge-selective sieving property may function, although it may not function if the former approaches 1.0. The SSI was also calculated using the differential clearance of IgG and transferrin (22, 23) .
The present study aimed to find the way in which glomerular charge-selective properties altered in childhood nephrosis using CSI. Interestingly, the charge-selective function was found to be preserved in nephrosis, including SSNS, FSGS, and FNS but had deteriorated in the case of proliferative glomerular disease and AS. Our results suggest a different mechanism of proteinuria active in nephrosis and nephritis.
MATERIALS AND METHODS

Patients.
A total of 113 pediatric patients, aged 1-17, who had been admitted to Surugadai Nihon University and Shizuoka Children's Hospitals were analyzed. We studied plasma and urine samples, obtained on the same day from patients with various renal diseases as follows: AS (n ϭ 8, biopsy proven), HSPN (n ϭ 20, biopsy proven), IgAN (n ϭ 39, biopsy proven), MPGN (n ϭ 5, biopsy proven), FSGS (n ϭ 4, biopsy proven), FNS (n ϭ 1, clinicopathologically and genetically proven), and SSNS (n ϭ 36). None of these patients were at a stage of chronic renal failure (glomerular filtration rate Ͻ60 mL/min). The degree of proteinuria of each disease is listed in Table 1 .
Determination of Serum and Urinary Concentration of IgA, IgG, and Transferrin. Both serum and urinary IgA and IgG were measured by latex assay using LA-2000 (Analytical Instruments Co. Ltd.). The latex beads were coated with rabbit antisera against human IgG (␥ chain; Eiken, Japan) and IgA (␣ chain, Eiken). Serum and urinary transferrin were measured by laser nephelometry (Boehringer nephelometer analyzer; Boehringer, Germany) with antibodies against human transferrin (Boehringer, Germany).
Definitions of CSI, SSI, and IgA SSI. CSI is defined as the ratio of the IgA clearance to that of IgG, while the SSI is defined as the ratio of IgG clearance to that of transferrin. As the latter has virtually identical pI distribution to IgA, we calculated the ratio of the IgA clearance to that of transferrin in terms of the IgA SSI.
Electrophoresis. Two-dimensional (2D) electrophoresis was performed according to the Goerg method (25) using the Phast system (Pharmacia, Uppsala, Sweden). Precast Phast Gel IEF 3-9 was used for isoelectric focusing (IEF), and Phast Gel gradient 10-15 was used for sodium-dodecyl sulfate PAGE (SDS-PAGE). SDS-PAGE was performed under nonreducing conditions. Urinary proteins separated by IEF were equilibrated on the gel in a buffer composed of 0.112 mol/L acetic acid, 0.112 mol/L Toris, and 2% SDS. The gels were then subjected to SDS-PAGE. This technique involved proteins being separated according to the molecular pI along the horizontal axis and molecular weight along the vertical axis.
Immunoblotting. After 2D electrophoresis, the separated proteins were electrophoretically transferred to a nitrocellulose membrane, which was then treated with rabbit antisera against human IgA (␣ chain; DAKO, Copenhagen, Denmark), IgG (␥ chain; DAKO), and transferrin (DAKO). After washing, the membrane was treated with horseradish peroxidase-conjugated antiserum against rabbit IgG (no cross to human IgG; Cappel, PA), and the peroxidase reaction was then performed.
Statistical Analysis. Results were expressed as mean Ϯ SEM and as mean Ϯ SD, while the mean variables were compared by an unpaired t test, and correlations were studied by linear regression analysis using InStat3.
RESULTS
Immunoblotting Analysis of IgA, IgG, and Transferrin. Two-dimensional immunoblotting of serum and urinary IgG and IgA of a patient with SSNS, at the time of relapse, is shown in Figure 1A . Despite relatively similar molecular weights of IgA and IgG in the serum and urine samples, there were distinct differences in the pI of IgA and IgG. In the serum samples, the pI of IgA and IgG ranged from 3.5 to 5.2 and 5.5 to 9, respectively. However, the pI of IgA and IgG from the urine samples ranged from 5.0 to 5.2 and 6.0 to 8.5, respectively. In other words, the predominantly cationic portion (pI Ͼ8.5) of IgG and predominantly anionic portion (pI Ͻ5.0) of IgA were absent in the SSNS urine samples. In contrast, the urinary IgA showed almost the same charge diversity as that of the serum samples in 
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IgAN (Fig. 1B) and in MPGN (Fig. 1C) . However, the considerably cationic portion of IgG, while present in the serum sample, was found to be markedly decreased in the urine samples. The lower molecular weight fragments of IgA and IgG were undetected, while the higher molecular weight band of IgA was only visible in the serum of a MPGN patient (Fig. 1C) . The charge and molecular weight distribution of IgA, IgG, and transferrin in both the urine and serum samples from an SSNS patient were analyzed using 2D immunoblotting (Fig.  2 ). IgA and transferrin showed similar pI. In addition, the considerably cationic portion of IgG was decreased while the anionic equivalent of IgA was absent in the urine sample as observed in another SSNS patient (Fig. 1A) .
CSI (Clearance Ratio of IgA to IgG), SSI (Clearance Ratio of IgG to Transferrin), and IgA SSI (Clearance Ratio of IgA to Transferrin)
The values of CSI, SSI, and IgA SSI in various glomerular diseases are listed in Table 2 Table 2 ).
The relationship between CSI and the degree of proteinuria (urinary protein/creatinine ratio [U Prot/Cre]) is shown in Figure 3 . Regression analysis revealed no correlation between CSI and U Prot/Cre in these patients.
The relationship between SSI and CSI is shown in Figure 4 . Although no correlation was found between the two, as SSI approaches 1.0, the CSI of group A tends to approach 0.4 and that of group B tends to approach 1.0. Consequently, the distribution of groups A and B is clearly different.
SSI positively correlates with IgA SSI. However, as previously mentioned, the distribution of group A is clearly different from that of group B. The correlations, analyzed separately with these groups, are shown in Figure 5 
DISCUSSION
IgA and IgG are similar in terms of tertiary structure and molecular size. Two-dimensional immunoblotting of IgG and (Fig. 1A) . 
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IgA indicates that most IgA possesses a stronger negative charge than IgG as shown in Figures 1A-C and 2 . Moreover, the considerably anionic portion of IgA, previously detected in the serum samples, was found to be absent in urine samples from SSNS patients (Figs. 1A and 2) . Conversely, however, it was present in urine samples from IgAN and MPGN (Fig. 1B,  C) . These characteristics render IgA and IgG suitable candidates for analyzing the charge dependent differential clearance of the GCW. We therefore used these well-characterized proteins to study the CS of the protein-sieving function in patients with various glomerular diseases. Although the considerably cationic portion of IgG of those detected in the serum samples was found to be absent or decreased in all the urine samples, this portion of IgG could be reabsorbed in the renal proximal tubules. In addition, the influence of IgA and IgG in polymeric or fragmented form must be considered. Two-dimensional immunoblotting of the serum and urine samples did not detect any polymeric or fragmented IgA, except a higher molecular weight band of serum IgA of an MPGN patient, rendering this band a potential IgA dimer. Since the CSI differed significantly between groups A and B, these findings suggest that the influence of IgA polymer has a negligible effect on the CSI calculation. The mean CSI value in patients with HSPN, IgAN, MPGN, and AS (group B) was 1.17. This result suggests that the fractional clearance of IgA is greater than that of IgG in those patients. However, from a physiologic perspective, it is unlikely that the larger proteins carrying greater negative charges would preferentially permeate the capillary wall. Therefore, we considered the tubular reabsorption of cationic IgG as causing a decrease in IgG fractional clearance and resulting in an apparent increase in the CSI value Ͼ1.0. We previously showed the cationic charge preferential tubular reabsorption mechanism of IgG (20) , which may influence CSI. Taking this phenomenon into account for the above results, it is possible to consider CSI values exceeding 1.0 to be 1.0 in reality, meaning the charge selective protein-sieving function may not work on the proteinuria of these diseases. The decrement of anionic sites in the GBM of these diseases (26, 27) as well as the ultrastructural GBM changes (28, 29) may support the loss of the charge selective barrier.
The mean CSI value in patients with FSGS, FCNS, and SSNS (group A) was 0.57. These results suggest that the fractional clearance of IgA was much less than that of IgG. Considering the minor differences in the molecular Stokes-Einstein radius between IgA and IgG, this large difference in the fractional clearance may result from the strong negative charge of the IgA molecules. In other words, the charge selective barrier of the capillary wall may function in these diseases to some degree.
CSI did not correlate with the degree of proteinuria (protein/creatinine ratio). However, no heavy proteinuria is observed when CSI values exceed 1.0, although conversely it is observed with CSI values Ͻ0.7. These results suggest that the degree of proteinuria is not merely dependent on the impairment of the CS of the glomerular capillary wall. The diseases in group B include morphologic GBM changes, and dense deposition or mesangial proliferation to varying extents. The degree to which such changes in renal pathology are distributed may rather reflect the degree of proteinuria (30) .
It has been suggested that the ratio of IgG clearance to transferrin clearance represents the size selectivity of the glomerular diseases (SSI) (23) and this conventional index has been widely used (31, 32) . Therefore, it is essential to investigate the CSI-SSI relationship to assess the independence of each index. The results revealed no obvious correlation between the two, suggesting that CSI is hardly influenced by the size selectivity of the GCW. CSI and SSI are unrelated parameters demonstrating that CS and size selectivity have independent biologic determinants. However, as SSI approaches 1.0, the CSI of group B also tends to approach 1.0 while that of group A tends to approach 0.4. The clear difference in the distribution of groups A and B indicated that CSI and SSI are independent and that although the charge selective barrier may not function on group B, it may function to some extent on group A of the podocyte diseases.
The relationship between IgA SSI and SSI gives more accurate information about the charge. The scatter diagram of IgA SSI and SSI revealed a distinct distribution for groups A and B. The difference in these distributions seems to result from differences in CS because this relationship is based on the clearance ratio of IgA to IgG, referring to the transferrin clearance. Indeed, the slope of the group B regression line resulted in 1.05, suggesting that IgA was equally filtered as IgG to the degree in all SSI. In contrast, the group A regression line resulted in 0.39, suggesting that the charge selective property is preserved in these nephrosis (podocyte diseases) and filtered 39% of IgA when compared with IgG. These positive linear correlations and the distinct slopes in both groups indicate the influence of the charge selective barrier.
The GBM poses anionic sites (33) consisted of glucosaminoglycans (34) and the decrement of such sites is presumed to reflect dysfunction of the charge selective barrier in nephrotic syndrome (26, 34, 35) . In addition, the differential clearance study by Lund et al. (36) using neutral and native forms of albumin indicated that the fractional clearance of neutral albumin 
CHARGE BARRIER IN GLOMERULAR DISEASES
is 10 times greater than that of the native (anionic) albumin in vivo. Therefore, although remaining functional, the CS can be presumed to be weakening in group A, podocyte diseases.
As we were unable to examine CSI, SSI, and IgA SSI with a normal glomerular filtrate, which is difficult to obtain from human subjects, we do not have normal values for these indices. However, the difference in CSI between groups A and B indicates differences in the proteinuria origin that have yet to be postulated. The most important difference in pathology between groups A and B might be the degree of foot process effacement. Recently, several studies indicated impaired nephrin and podocin (37, 38) expression in some cases of SSNS and steroid-resistant nephrotic syndrome as well as in FCNS (2) and familial SSNS (39) . Thus, the essential difference between groups A and B might be based on the degree to which the slit diaphragm is dysfunctional. The slit diaphragm is intended as a central size-selective filtration barrier (40) . Recent studies by Jeansson and Haraldsson (41) suggested the importance of endothelial glycocalyx in the charge-selective property of GCW. Unless impairment of the slit diaphragm may influence the anionic sites of GBM (35) , the group A diseases are not likely to completely lose their charge-selective properties. This is supported by the cases of FCNS and FSGS since these diseases showed a worse SI with a better CSI than group A.
The most interesting fact in this study is that CS was evenly preserved in all of SSNS, FCNS, and FSGS, but the size selectivity was deteriorated in FCNS and FSGS. Although GBM changes among these diseases did not apparently differ, more precise GBM architecture as well as the difference in intraglomerular blood flow should be investigated to elucidate the mechanism regulating the size-selective barrier.
In conclusion, the present study suggests that the charge selective barrier functions to some degree in SSNS, FSGS, and FCNS, the podocyte diseases, while in contrast, it is completely impaired in the cases of AS, HSPN, IgAN, and MPGN. The conventional CSI proposed by the present study provides a new insight into the charge-selective mechanism in proteinuria in human glomerular diseases.
